1. N-Benzoyl-L-serine methyl ester was synthesized and evaluated as a substrate for bromelain (EC 3.4.22.4) and for papain (EC 3.4.22.2). 2. For the bromelain-catalysed hydrolysis at pH 7.0, plots of [SO]/vi (initial substrate concn./initial velocity) versus [SO] are markedly curved, concave downwards. 3. Analysis by lattice nomography of a modifier kinetic mechanism in which the modifier is substrate reveals that concave-down
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[So]/vi versus [SO] plots can arise when the ratio of the rate constants that characterize the breakdown of the binary (ES) and ternary (SES) complexes is either less than or greater than 1. In the latter case, there are severe restrictions on the values that may be taken by the ratio of the dissociation constants of the productive and non-productive binary complexes. 4. Concave-down [So]/vl versus [SO] plots cannot arise from compulsory substrate activation. 5. Computational methods, based on function minimization, for determination of the apparent parameters that characterize a non-compulsory substrate-activated catalysis are described. 6. In an attempt to interpret the catalysis by bromelain of the hydrolysis of N-benzoyl-L-serine methyl ester in terms of substrate activation, the general substrate-activation model was simplified to one in which only one binary ES complex (that which gives rise directly to products) can form. 7. In terms of this model, the bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester at pH 7.0, I= 0.1 and 25°C is characterized by Kmj (the dissociation constant of ES)= 1.22±0.73mM, k (the rate constant for the breakdown of ES to E+products, P) =1.57x 10-2+0.32x 10-2s-1, Ka2 (the dissociation constant that characterizes the breakdown of SES to ES and S)= 0.38 ±0.06M, and k' (the rate constant for the breakdown of SES to E+P+S) = 0.45± 0.04s-1. 8. These parameters are compared with those in the literature that characterize the bromelain-catalysed hydrolysis of a-N-benzoyl-L-arginine ethyl ester and of a-N-benzoyl-L-arginine amide; K,,,1 and k for the serine ester hydrolysis are somewhat similar to K,,, and kca,t. for the arginine amide hydrolysis and Ka, and k' for the serine ester hydrolysis are somewhat similar to Km and kcat. for the arginine ester hydrolysis. 9. A previous interpretation of the inter-relationships of the values of kca,. and Km for the bromelain-catalysed hydrolysis of the arginine ester and amide substrates is discussed critically and an alternative interpretation involving substantial non-productive binding of the arginine amide substrate to bromelain is suggested. 10. The parameters for the bromelain-catalysed hydrolysis oftheserine ester substrateare tentatively interpreted in terms of non-productive binding in the binary complex and a decrease of this type of binding by ternary complexformation. 11. The Michaelis parameters for the papain-catalysed hydrolysis of the serine ester substrate (Km = 52±4mM, kcat. = 2.80±0.1 s-' at pH7.0, I= 0.1, 25.0°C) are similar to those for the papain-catalysed hydrolysis of methyl hippurate. 12. Urea and guanidine hydrochloride at concentrations of 1 M have only small effects on the kinetic parameters for the hydrolysis of the serine ester substrate catalysed by bromelain and by papain.
In connexion with the study ofthe matrix-perturbation of bromelain-catalysed hydrolyses caused by factors other than charge-charge interaction (see Wharton et al., 1968a,b) it was necessary to find a substrate for bromelain which is (a) uncharged in approximately neutral media, (b) at least as good a substrate for bromelain as x-N-benzoyl-L-arginine ethyl ester, i.e. kcat. ,approx. 0.5s-I and K,,<approx. 0.1 M, and (c) sufficiently water-soluble to allow determination of the Michaelis parameters without inclusion of organic solvent in the assay medium, i.e. the solubility would probably have to be greater than 0.1 M. The latter requirement, desirable in any enzyme study, is particularly important in comparative studies of free solution and matrix-supported enzyme catalyses because of the possibility that added organic solvent might modify differentially the properties of the two systems.
In our search for such a substrate for bromelain, we considered first a number of uncharged substrates that have been used by other workers in the study of hydrolytic enzymes other than bromelain. Methyl and ethyl hippurate are not sufficiently water-soluble. Cohen & Petra (1967) and Williams & Whitaker (1967) have studied the papain-catalysed hydrolysis of ac-N-benzoyl-L-citrulline methyl ester and found this compound to be a very good substrate for papain. When it was tested as a substrate for bromelain, however, it was found that the initial velocity increased in direct proportion to the substrate concentration up to the solubility limit ofthe substrate (0.1M), i.e. Km>0.1M. The solubility of N-acetylglycine methyl ester in water is approx. 1 M, but the bromelain-catalysed hydrolysis of this compound was barely detectable even at [SO] 0.5M and [Er] (total enzyme concentration) -0.1 mm. Murachi (1970) has reported that for the bromelain-catalysed hydrolysis of acetylglycine ethyl ester Km is 33M (kcat. = 0.55 s-). Since the uncharged N-acylamino acid esters that are commonly used as substrates for other hydrolytic enzymes such as a-chymotrypsin, papain and ficin proved to be unsuitable as substrates for bromelain, we decided to synthesize N-benzoyl-L-serine methyl ester as a potential substrate for bromelain. This compound, which has been used as an intermediate in the synthesis of oxazolines (Fry, 1950) , has not previously been used as a substrate for hydrolytic enzymes. N-Benzoyl-L-serine methyl ester was synthesized and found to have a solubility in water at room temperature of approx. 0.25M. The bromelain-catalysed hydrolysis of this substrate proceeded at an easily measurable rate at substrate concentrations of 0.5-150mM and a degree of saturation of the enzyme by the substrate was apparent. The present paper describes a kinetic study of the hydrolysis of N-benzoyl-L-serine methyl ester catalysed by bromelain and by papain.
Theoretical
Our finding that kinetic plots for the catalysis by bromelain of the hydrolysis of N-benzoyl-L-serine methyl ester are curved in a manner frequently taken as suggestive of substrate activation (see the Results and Discussion section) necessitated detailed consideration of the steady-state rate equation of substrate-activated catalyses and of its graphical representation. There is continuing discussion of which of the three linear plotting forms of the Michaelis-Menten equation is most useful in practice [see, e.g., Dowd & Riggs (1965) In order to simplify the algebraic representation, the kinetic models in this section are described in terms of the conventional two-step mechanism, and reversible steps are regarded as unperturbed equilibria characterized by equilibrium constants rather than more complex assemblies of rate constants.
Scheme 1 is a general form of kinetic mechanism involving enzyme, substrate and modifier (M), in Otto, 1963) (Fig. 1) as plots of log a versus log x for various values ofb in the range 10-3_103.
It is useful to consider the various regions and features of [SO] that are concave down. Thus the system passes from a region on the right of line A where plots are concave up, over line A into a region of downward concavity which ends when the appropriate contour defined by the particular value of b is reached. On passing over this contour the system is once more in a region of upward concavity.
The region of downward concavity corresponding to values of b <1 (region III) has a 'funnel'-shaped appearance, whereas that corresponding to values of b> 1 (region IV) has an inverted conical shape. It is apparent from Fig. 1 that region IV is more limited in terms of the permitted variability of x and a than is region III. It is noteworthy that the region contained within the ordinate axis and the common boundary line A corresponds to situations in which there will be downward concavity in a plot of [SO] provision of a ternary SES complex whose rate constant for breakdown to products is greater than that for the breakdown of the binary ES complex, but also in another way. The alternative mechanism that can operate even when k > k' involves relief at high substrate concentrations from the accumulation of a significant fraction of the enzyme at low substrate concentrations as the SE complex that cannot give rise directly to products. Thus this mechanism of substrate activation might best be described as activation by relief from non-productive binding.
When this work had been completed, Dixon & Tipton (1973) (22) as eqn. (23), in which w1 is defined by eqn. (24).
(24) The value of wi is set to 1.00 for the first cycle and is readjusted for each subsequent cycle by using the values of the dissociation constants determined in the previous cycle.
Eqn. (23) may be partially differentiated with respect to p, z, q and y, a procedure facilitated by substitution of eqn. (25) and (26) 
The resulting expressions for the partial derivatives with respect to z, m, y and k'E are set equal to zero and the set of simultaneous equations is solved for the above parameters by matrix inversion. The calculated values of z and y are used to calculate a new set of w1 values. The iteration procedure is then repeated until the parameters achieve constant values. It is not possible, in any simple manner, to obtain standard errors for the parameters, as w1 is defined as being constant for any one iterative cycle. In addition, the method described above places no constraints on the sign of the parameters and the method frequently produces negative values for the parameters where the data are not of the highest quality. Thus although this method was used successfully on some sets of data (see Table 3 ), it proved unable to produce values for the parameters in an interpretable form in a number of cases. The lack of estimates of the standard errors is also serious when fitting experimentally determined data to a relatively elaborate model of this type. A second method, capable of eliminating the above disadvantages, has been developed and is described below.
Method2. The considerable difficulties encountered in fitting data to equations of the form of eqn. (17) arise because of extremely high correlation between the parameters. These difficulties are aggravated when, as in this study, it is possible to use substrate concentrations which cover only a small part of the range from zero to saturation. In the fitting procedure it is [SO] . The dotted line in Fig. 2 (a) (17) is rather 'overdefined', in that it contains more parameters than are actually required to produce a good fit to the data, and as a result the parameters are very highly correlated, and the sum-of-squares contours are exceedingly elongated. It was therefore necessary to complement the procedure of Cornish-Bowden & Koshland (1970) with one which was capable of proceeding efficiently from poor starting guesses when the quadratic approximation was inadequate.
Various methods of proceeding in the early iterations were tried, including various modifications of the method of steepest descent, mostly with rather unsatisfactory results. The method that was eventually used, which gave excellent results in all cases tried, was the modified simplex method of Nelder & Mead (1965) . In this method, a 'simplex' is set up, consisting of (n+1) sets of values for the n parameters, and the sum of squares is computed at each set of values, or 'vertex'. The worst vertex is then replaced by one obtained by reflecting the worst vertex through the centroid of the other n vertices. The amount by which this vertex is changed is then increased if the new vertex is a new best, and decreased if it is a new worst. The calculation is then repeated until the differences between the vertices become negligible. The main advantages of this method are its extreme simplicity and the fact that fewer assumptions are made about the shape of the sum-of-squares surface than in any other method. It is also particularly suitable for use in conjunction with the method described previously, because it is much more effective in the early part of the minimization, becoming very slow as the minimum is approached.
In summary, therefore, the results given were analysed by fitting to eqn. (17) by using the method of Nelder & Mead (1965) to obtain rough estimates of the kinetic parameters, which were subsequently refined by the method ofComish-Bowden &Koshland (1970) . On completion of the minimization, standard errors of the parameters were estimated as described Vol. 141
by Cornish-Bowden & Koshland (1970) . It should be noted that since in almost all cases the calculated errors were rather large, the linear assumptions used in calculating them are unlikely to be accurate, so that the actual value must be regarded only as an index of precision.
Materials and Methods Bromelain preparations
The starting material was food-grade bromelain [Seravac Laboratories (Pty.) Ltd., Maidenhead, Berks., U.K. (now Miles Seravac Ltd.), batch no. E.V. 1 a]. This material was purified bya method which is essentially that of Murachi et al. (1964) to yield what in the present paper we shall call 'bromelain'. For some experiments a preparation of the enzyme in which the chromatography on Sephadex G-100 was omitted was used. This preparation we shall call 'partially purified bromelain'. Both of these preparations are essentially the same as that which in other connexions we have called T-bromelain (Brocklehurst et al., 1972) .
Extraction. Crude bromelain powder (40g) was added to 0.05M-potassium phosphate buffer, pH 6.10 (200ml), and the resulting suspension stirred at room temperature (approx. 26°C) for 30min. The resulting cloudy solution was centrifuged at 100OOg for 30min and the supernatant collected.
Chromatography on Amberlite CG-4B. This resin (a weakly basic anion exchanger) was chosen as a substitute for the Duolite A-2 used by Murachi et al. (1964) which is not obtainable in this country. In early purifications the supematant from the extraction was applied to a column (2.5cmx45cm) of this resin which had been fully acid-base cycled. Chromatography of crude bromelain on this resin did not result in resolution of the crude enzyme into discrete components (as monitored by E280 measurement), but resulted in a single main peak with a long tail. Murachi et al. (1964) . reported that chromatography on a resin very similar to Amberlite CG-4B (Duolite A-2) removes some of the yellow-coloured material from the crude enzyme. This was not the case with Amberlite CG-4B, which seems to have very little effect. As a result of this finding, this stage of the preparation was omitted from preparations of enzyme used in this work.
Chromatography extracted from lOg of crude powder in 100ml of the same buffer was applied to the column. A further quantity (lOOml) of this buffer was pumped through the column in 1 h and then 5 litres of0.05M-potassium phosphate buffer, pH 6.05, was pumped through at a rate of 2 litre/h. The breakthrough fraction that resulted from this washing was discarded. The column was then eluted with 0.2M-K2HPO4 containing 1 M-KCl at a rate of 36ml/h and 5ml fractions were collected and monitored by measurement of E280. The fractions containing protein, which emerged as a single symmetrical peak after the breakthrough fraction, were pooled and then subjected to (NH4)2SO4 fractionation. For every lOOml of collected ice cold eluate, 25.5 g of(NH4)2SO4 was added slowly with gentle stirring. When all the (NH4)2S04 had been added, a moderate cloudiness was apparent in the solution. The cloudy solution was left at 4°C for 1 h and centrifuged at lOOOOg and 4°C for 30min. The precipitate was discarded and the supematant was subjected to (NH4)2S04 precipitation as described above, by using 6g of (NH4)2SO4 for each lOOml of original collected eluate. The precipitate, which was collected by centrifugation, was dissolved in the minimum volume of water at room temperature and dialysed against 3 x 5 litres of 0.01 M-KCl containing 1 mM-EDTA at 4°C. This enzyme, prepared by chromatography on Amberlite CG-50 and (NH4)2SO4 fractionation, is designated 'partially purified bromelain'. This chromatographic step is the one which separates extraneous protein and most of the carbohydrate associated with the crude enzyme; these components appear in the breakthrough fraction. The composition of the breakthrough fraction varied somewhat from run to run, as did the exact elution volume of the enzyme. This was shown to be due to the exceptional pHsensitivity of bromelain chromatography on this type of column. Variation of ± 0.1 pH unit can cause either the superimposition of the breakthrough and enzyme fractions or the emergence of the enzyme fraction in a very large volume of eluate. Crude bromelain was associated with 0.41 g of carbohydrate/g of total material, whereas after chromatography on Amberlite CG-50 the carbohydrate content was decreased to 0.025 g/g of total material.
Chromatography of 'partially purified bromelain' on Sephadex G-100. A column (2.5 cm x 100cm) was filled with Sephadex G-100, which had been allowed to swell overnight in 0.05M-sodium acetate buffer, pH5.2. The column was then equilibrated at 4°C by slowly passing the acetate buffer through it for 24h. Partially purified bromelain was then applied to the column and eluted with the above-mentioned acetate buffer at a flow rate of lOml/h. Fractions (1 or 5ml) were collected and protein was detected by measurement of E280. The elution pattern was indicative of only a single component absorbing at 280nm. The protein solution emerging from this column was subjected to (NH4)2S04 precipitation essentially as described above in the second step of the (NH4)2SO4 fractionation and dialysed as described above. The enzyme so obtained is designated 'bromelain.' Chromatography on Sephadex G-100 and subsequent (NH4)2S04 precipitation decreases the carbohydrate content from 0.025 g/g of total material (in partially purified bromelain) to 0.02g/g of total material (in bromelain). No circumstances have been found in which the enzyme that has been subjected to Sephadex G-100 chromatography has shown behaviour different from that of partially purified bromelain.
Other materials
Papain. This was the 2 x crystallized product of BDH Chemicals Ltd., Poole, Dorset, U.K., and was used without further purification.
Substrates. a-N-Benzoyl-L-arginine ethyl ester was obtained from Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K. a-N-Benzoyl-L-citrulline methyl ester was obtained from BDH Chemicals Ltd. Acetylglycine methyl ester was prepared by the acetylation ofglycine methyl ester (obtained as the hydrochloride from Koch-Light Laboratories Ltd.) with acetic anhydride by the method of Wolf & Niemann (1963) .
N-Benzoyl-L-serine methyl ester. This was prepared by reaction of L-serine methyl ester with benzoyl chloride.L-Serinemethylesterhydrochloride(Aldrich, Milwaukee, Wis., U.S.A.) (3.1 g) was dissolved in water (20ml). Benzoyl chloride (2.08g) dissolved in chloroform (40ml) was then added and the biphasic mixture was stirred vigorously with a magnetic stirrer and NaHCO3 added in small portions to maintain the pH at 8.5. After 2h the pH of the aqueous layer was adjusted to 7.0 after prior separation from the chloroform layer. The aqueous layer was extracted with chloroform (5 x 50ml). The chloroform extracts and the original chloroform layer were combined and dried over anhydrous MgSO4. The MgSO4 was then removed by filtration and the chloroform removed from the filtrate by rotary evaporation in vacuo. The resulting oil solidified when cooled in solid C02-acetone and the solid was twice recrystallized from benzene. The final product had m.p. 85°C [Fry (1950) Other chemicals. (NH4)2SO4 was the BDH product 'special for enzymology.' Buffers and other solutions 1974-were made up with AnalaR-grade reagents wherever possible. Water was distilled and subsequently deionized by passage through a Deminrolit MK.7 mixed-bed ion exchanger. In experiments in which the enzymes were used without L-cysteine or dithiothreitol in the reaction mixture, the deionized water was deoxygenated by refluxing and cooling under 02-free N2.
Preparation ofstock solutions ofactivated, activatorfree bromelain and papain. These were prepared by incubating the enzyme (approx. 0.1 mM) with L-cysteine or dithiothreitol (5mm) at pH6.5 for 15min at room temperature, and then separating the enzyme from low-molecular-weight species on a column (1.25 cmx 30cm) of Sephadex G-25. The column had previously been equilibrated with a deoxygenated solution of0.01 M-KCI and 1 mM-EDTA. The enzyme was eluted with this solution, and a stream of 02-free N2 was passed through the eluent reservoir and over the eluting solution.
Determination of thiol contents oJ bromelain and papain
These were determined by using samples of activated, activator-free enzyme by titration ofthe enzymes' essential thiol groups with 5,5'-dithiobis-(2-nitrobenzoic acid) at pH 8.0 [see Ellman (1959) and Wharton et al. (1968a) ]. The thiol content of bromelain was generally 0.8mol of thiol/mol of protein, and of papain approx. 0.6mol of thiol/mol of protein based on the following optical and molecular-weight data: bromelain, mol. wt. = 3.32 x 104, 6280 = 6.33 x 104M-Icm' ; papain, mol.wt. 2.07x 104 (Smith et al., 1955) , 6280 = 5.1 x 104m-1 -cm-' (Glazer & Smith, 1961) . Spectrophotometric measurements were made on Cary 15 or Cary 16K spectrophotometers. When measuring initial rates of bromelain-and papain-catalysed hydrolyses (see below) the reactions were generally studied in the presence of 5mM-L-cysteine.
In the calculation of catalytic rate constants, the enzyme concentration was calculated from measurements of E280.
Measurement of initial rates of hydrolysis of a-Nacylamino acid ester substrates catalysed by bromelain and by papain These measurements were made in a Radiometer pH-stat. A total initial reaction volume of 5ml was used. The reaction mixture was contained in a jacketed vessel through which water from a thermostatically controlled bath set at 25.0°C was circulated. The titrant was 0.04 or 0.1 M-NaOH, which was made up from standardized BDH concentrated volumetric reagent and 02-free and C02-free deionized water. The titrant was protected from atmospheric CO2 Vol. 141 by guard tubes filled with self-indicating Carbosorb (BDH Chemicals Ltd.). 02-free N2 was passed over the surface of the reaction mixture. A typical reaction mixture is as follows: 0.5M-KCI (1.Oml); 0.1 M-EDTA (0.05ml), 0.2M-L-cysteine hydrochloride neutralized to pH 7.0 (±0.1 ml); substrate solution (x ml); water [5.0-(x+y+1.15 or 1.05) ml]; enzyme solution (y ml). Any further additions to the reaction mixture (modifiers) were added in a volume which was subtracted from the water volume. The reaction was generally started by addition of the substrate. In the runs carried out in the presence of L-cysteine, the enzyme was incubated with L-cysteine-EDTA-KCI solution for 10min before the reaction was started by addition of the substrate.
Carbohydrate determinations
These were done by the method of Winzler (1955) . arise from a number of factors: (i) the enzyme may be impure in that it may be composed of more than one species able to catalyse the hydrolysis of the substrate in non-identical ways, (ii) the substrate may be impure in that in addition to the species whose hydrolysis is catalysed by the enzyme, there is another species which may bind to the enzyme to produce a complex which catalyses the hydrolysis of the substrate more effectively than the enzyme; (iii) the enzyme may have more than one active site per molecule whose catalytic properties are non-identical or the sites may be interactive as a result of substrate binding; (iv) the enzyme may have a single catalytic site per molecule, but be subject to non-compulsory substrate activation (see the Theoretical section).
The possible reasons for curvature in plots of enzyme kinetic data have been discussed by Trowbridge et al. (1963) , who studied the trypsincatalysed hydrolysis of a-N-tosyl-L-and -D-arginine methyl esters and found that these catalyses did not follow simple Michaelis-Menten kinetics. Steady-state kinetic experiments do not allow the factors (i)-(iv) to be distinguished as interpretations for curved kinetic plots. Other types of experiments, however, may sometimes suggest that certain of these factors are less likely than others to be responsible for the curvature.
Factor (i). Factor (i) is very difficult to eliminate, since no absolute criteria for enzyme purity are available. The enzyme purified by the method of Murachi et al. (1964) is homogeneous by ultracentrifugal sedimentation, free-boundary electrophoresis and diffusion analysis . Chromatography on Amberlite CG-50, CM-Sephadex, DEAE-Sephadex, or Sulphoethyl-Sephadex yields a single symmetrical peak (Ota et al., 1964; Murachi et al., 1964) . No evidence for inhomogeneity was found by disc electrophoresis on polyacrylamide gel in either the absence or the presence of 8 M-urea (Chao & Liener, 1967; C. W. Wharton & I. Trayer, unpublished work) . On the other hand, the chromatographically purified enzyme, which migrates as a (Ota et al., 1964) , contains small amounts of extraneous end groups in addition to the terminal valine residue (Ota et al., 1964) . This, together with the finding of Whitaker and his co-workers (ElGharbawi & Whitaker, 1963; Feinstein & Whitaker, 1964) (Inagami & Murachi, 1963; Wharton et al., 1968a Table 2 ). The values of viI [ET] in Table 2 are in good agreement with those obtained by using the normal 'partially purified' and 'fully purified' enzyme preparations (Table 1) . The results given in Tables 1   Table 2 . Comparison of the apparent first-order rate constants for the bromelain-catalysed hydrolysis of Nbenzoyl-L-serine methyl ester catalysed by two (NH4)2SO4 fractions of'partially purified bromelain' at pH7.0, 25.0°C
and I= 0.1 Fraction 1 was obtained from a solution of partially purified bromelain at 4°C by addition of solid (NH4)2SO4 to 42% saturation, and centrifugation. Fraction 2 was obtained by adding (NH4)2SO4 to 50% saturation to the supematant remaining after removal of fraction 1, followed by centrifugation. In both cases the precipitate was redissolved in water and extensively dialysed against I .Omi-EDTA before assay.
[S](M) and 2 were obtained from experiments carried out with an interval of 6 months between them and with different enzyme preparations. The latter two pieces of evidence indicate that if bromelain contains a kinetically significant impurity, the impurity is closely associated with it and is not separable either by chromatography on Sephadex G-100 (the step which converts 'partially purified bromelain' into 'bromelain') or by (NH4)2SO4 fractionation. The first piece of evidence shows that any impurity in bromelain kinetically significant in N-benzoyl-Lserine methyl ester hydrolysis must catalyse the hydrolysis of a-N-benzoyl-L-arginine ethyl ester either in a manner indistinguishable from the catalysis by bromelain or not at all. Nakata & Ishii (1972) reported that the hydrolysis of a-N-benzoyl-L-arginine p-nitroanilide is subject to substrate activation when catalysedeither by a-trypsin or by f8-trypsin. This finding greatly strengthens the suggestion by Trowbridge et al. (1963) that the deviation of the trypsin.,catalysed hydrolysis of a-N-tosyl-L-and -D-arginine methyl esters from simple Michaelis-Menten kinetics might be due to substrate activation.
Takahashi et al. (1973) have reported the resolution of bromelain prepared by the method of Murachi et al. (1964) into two fractions designated SB1 and SB2. These fractions differ in amino acid composition by only 2 or 3 residues of glycine, alanine and tyrosine and are essentially identical in molecular properties, active-centre sequences and catalytic properties. In the absence of evidence to the contrary, it is tentatively suggested that impurity in the bromelain preparation is not responsible for the non-linearity of the plots in Figs. 2(b) and 2(c); fractions SBI and SB2 appear to be so similar that their co-existence would seem unlikely to produce the 'substrateactivation' effect reported here.
Factor (ii). This factor involves the presence of impurity in the substrate. The N-benzoyl-L-serine methyl ester prepared as described in the Materials and Methods section provided good analytical and optical-rotation data and was pure as assessed by t.l.c. Titration with NaOH showed that there was less than 1 % of N-benzoyl-L-serine present, and ninhydrin analysis of a stock solution of aqueous substrate that had been stored at 4°C for 2 weeks showed that the maximum possible concentration of L-serine methyl ester present was less than 0.1 %. Preliminary experiments with N-benzoyl-DL-serine methyl ester have demonstrated that the 'substrateactivation' phenomenon characterized by the high binding constant K,, (=0.38±0.06M, see below) is not due to binding of low concentrations of N-benzoyl-Dserine methyl ester characterized by a much smaller binding constant. Factors (ii) and (Iv). These factors cannot be distinguished by the available data. In the absence of Vol. 141 independent evidence that bromelain catalyses exhibit co-operativity, we have chosen to interpret the rate data in terms of parameters that characterize a catalysis subject to non-compulsory substrate activation (Schemes 1 or 2). As a general view it seems reasonable that many hydrolyses of low-molecularweight substrates catalysed by proteolytic enzymes might be found to be subject to non-compulsory substrate activation if examined over a sufficiently wide range of substrate concentration. Since the natural substrates for these enzymes are proteins, and since binding sites in such enzymes are probably composed ofseveral sub-sites (see Berger & Schechter, 1970) , each binding one amino acid residue, it seems plausible that with low-molecular-weight substrates the 'second' substrate molecule might occupy one of these sub-sites. This could result either in enhancement of the catalytic effectiveness of the enzyme acting on the substrate molecule bound at the catalytic site, by conformational changes, or by decreasing the number of non-productive binding modes of this substrate molecule. on the values that may be taken by x, b and alx. Thus, the minimum value ofx is 3.3 x 10-3 and the minimum value ofb is 3.21 x 10-. The ratio alx has a maximum limit of 316 but has no minimum limit. If x>1, a and b must be greater than approx. 300, i.e Km1 > 300K,1 and Kmj > 300K 2. Thus although it is possible to set certain limits on the values of the ratios of the constants that characterize Scheme 1, it is not possible to define the value of any constant except that of k'.
As discussed in the Theoretical section, it is possible to simplify Scheme I to Scheme 2 if it is assumed that only one type of binary ES complex can form (or that all such complexes are equivalent). Scheme 2 could be interpreted in a general way analogous to the treatment of dibasic acids in terms of stages of ionization characterized by macroscopic dissociation constants (see Edsall & Wyman, 1958 Table 3 , which also shows the kinetic parameters that characterize the bromelaincatalysed hydrolysis of x-N-benzoyl-L-arginine ethyl ester and of a-N-benzoyl-L-arginine amide. The latter parameters are discussed first because they constitute one of the most important, hitherto unresolved, problems in the kinetics of bromelain-catalysed hydrolyses and provide a background for discussion of the N-benzoyl-L-serine methyl ester hydrolysis.
Bromelain-catalysed hydrolysis of a-N-benzoyl-Larginine ethyl ester and a-N-benzoyl-L-arginine amide The kinetic property that most dramatically distinguishes bromelain from the somewhat similar thiol proteinases papain and ficin is the large difference in the value of kcat. for the hydrolyses of a-N-benzoyl-L-arginine ethyl ester and a-N-benzoyl-L-arginine amide found only for the bromelain catalyses (Inagami & Murachi, 1963 ). An associated feature that could be significant is that for each of these bromelain catalyses the values of the ratio kcat . Km are closely similar (see Table 3 ). Inagami & Murachi (1963) have interpreted the large difference in these kcat. values in terms of the usual common acyl-enzyme model (eqn. 27) by assuming that deacylation is rate-limiting for the ester hydrolysis (i.e. kcat. = k+3), whereas acylation is rate-limiting for the amide hydrolysis, i.e. (kcat. = k+2 for the amide system) E+S3 ES + ES' -3 E+P2 (27) 
To explain the similarity in the values of kcat.IKm for the bromelain-catalysed hydrolyses of the ester and amide substrates, Inagami & Murachi (1963) suggested that k-1 < k+2, in which case kcat.IKm (eqn. 31) reduces to k+1, the second-order rate constant for the formation of the adsorptive complex. Consideration of the value (Inagami & Murachi, 1963) of kcal. KKm (2.9M-1 -s-1) for the bromelain-catalysed reactions, however, suggests that this ratio cannot represent k+1, since the formation of an adsorptive complex is usually considered to be diffusion-controlled with a rate constant of approx. 1 x 108M-1 . S-1 (see Gutfreund, 1965 (33) and (34) with the analogous eqns. (29) and (30) Bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester The four kinetic parameters for the apparent substrate-activated bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester bear a remarkable resemblance to the two sets of kinetic parameters for the bromelain-catalysed hydrolysis of a-N-benzoyl-Larginine amide and a-N-benzoyl-L-arginine ethyl ester (see Table 3 It is considered that binding of the N-acylamino group [RI in (a) and RCO-NH in (b) ] to a site in the enzyme, Pi, and of the side chain (R2) to a site P2 presents the group in the substrate that contains the susceptible linkage [R3 in (a) and Evidence is accumulating, however, that there are a large number of possible interactions between the amino acid residues in the active sites of some proteinases, notably papain (Berger & Schechter, 1970; Wolthers et al., 1970) , and the arnino acid residues of large polypeptide substrates, and that low-molecular-weight substrates may bind in nonproductive modes in such active sites. We have shown previously (Brocklehurst et al., 1968 ) that postulated non-productive binding modes could satisfactorily resolve the contradictory conclusions reached by Whitaker & Bender (1965) and by Sluyterman (1968) concerning the rate-limiting step in papain-catalysed hydrolysis of a-N-benzoyl-L-arginine ethyl ester, if this ester could bind to papain in a mode which does not permit acylation of the enzyme but which may increase the reactivity of the thiol group ofcysteine-25 towards alkylating agents. This suggestion subsequently received strong support from the demonVol. 141 stration by Whitaker (1969) that the rate of alkylation of the thiol group of cysteine-25 is enhanced by the binding of the inhibitor a-N-benzoyl-D-arginine ethyl ester. Hinkle & Kirsch (1971) have produced evidence that the principle mode by which both papain and ficin bindp-nitrophenyl esters ofN-acylamino acids is non-productive. They point out that the elimination of a non-productive binding mode for a reagent by substrate binding can produce enhancement of the reactivity ofa functional group in the enzyme towards the reagent. This is analogous to our present interpretation of the substrate-activated bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester and is an altemative type ofinterpretation to that commonly offered for rate enhancements occasioned by substrate binding, i.e. substrate-induced conformational changes in theenzyme (Koshland, 1958) . It is probable that, at least in some cases, blocking ofnon-productive binding modes by substrate binding will be accompanied by conformational changes in the enzyme. It remains to be discovered whether in a given case these factors support or oppose each other and to what extent.
Some of the points discussed in this section have been reported in a preliminary communication (Brocklehurst et al., 1967) .
Effect of urea and guanidine hydrochloride on the kinetics of the bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester and of oc-N-benzoyl-L-arginine ethyl ester The kinetic parameters that characterize these catalyses in the presence and absence of the potential modifiers urea and guanidine hydrochloride are given in Table 3 .
The effect of these potential modifiers on the N-benzoyl-L-serine methyl ester hydrolysis was studied to ascertain their effectiveness in compensating this substrate for its lack of an arginine or citrulline side chain. The observed activation of the trypsin-catalysed hydrolysis of acetylglycine methyl ester by alkylguanidines and alkylamines has been interpreted in terms of pseudo-specific substrate formation in the adsorptive complex (Inagami & Murachi, 1964; Inagami, 1965; Mares-Guia & Shaw, 1965) .
The effect of urea and guanidine hydrochloride at concentrations of 1 M on the bromelain-catalysed hydrolysis of N-benzoyl-L-serine methyl ester is unremarkable. Further, the effect of these potential modifiers at concentrations of 1 M on the initial rates of hydrolysis of a-N-benzoyl-L-arginine ethyl ester at substrate concentrations of 0.01 M and 0.1M is negligible. That a measure of competive inhibition is not observed in the latter system is perhaps surprising. This indicates that the binding constants characterizing binding of urea and guanidine at the P2 site must be greater than 0.1 M. This high apparent value of these binding constants suggests that the alkane portion of the arginine side chain may play an important part in determining the binding constant of the R2-p2 interaction for arginine substrates of bromelain. A similar effect has been reported in trypsin-catalysed hydrolyses (Inagami & Murachi, 1964; Mares-Guia & Shaw, 1965) .
Kinetics ofthe hydrolysis ofN-benzoyl-L-serine methyl ester catalysed by papain These were studied to provide a comparison with the analogous bromelain-catalysed hydrolyses. The kinetic parameters are given in Table 3 . Fig. 3 shows that at I= 0.1 a plot of [So]/v1 versus [SO] appears to deviate slightly from linearity at low substrate concentrations. It was considered that this deviation did not necessitate interpretation of this system in terms of substrate activation, although it is possible that the deviation may be more marked at lower substrate concentrations. The slight deviation from linearity apparent at I= 0.1 is even less apparent at I= 1.0 in either the presence or the absence of guanidine hydrochloride. Urea and guanidine hydrochloride at concentrations of 1.OM have little effect on the Michaelis parameters for the papaincatalysed hydrolysis of N-benzoyl-L-serine methyl ester, which are similar to those for the papaincatalysed hydrolysis ofmethyl hippurate (see Table 3 ), as would be expected from the similarity in structure of the substrates.
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